Abstract-Two different test systems, one based on the isolated sciatic nerve of an amphibian and the other on a microbial eukaryote, were used for the assessment of herbicide toxicity. More specifically, we determined the deleterious effects of increasing concentrations of herbicides of different chemical classes (phenoxyacetic acids, triazines, and acetamides), and of 2,4-dichlorophenol (2,4-DCP), a degradation product of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D), on electrophysiological parameters and the vitality of the axons of the isolated sciatic nerve of the frog (Rana ridibunda) and on the growth curve of the yeast Saccharomyces cerevisiae based on microtiter plate susceptibility assays. The no-observed-effect-concentration (NOEC), defined as the maximum concentration of the tested compound that has no effect on these biological parameters, was estimated. In spite of the different methodological approaches and biological systems compared, the NOEC values were identical and correlated with the lipophilicity of the tested compounds. The relative toxicity established here, 2,4-DCP Ͼ alachlor, metolachlor k metribuzin Ͼ 2,4-D, 2-methyl-4-chlorophenoxyacetic acid (MCPA), correlates with the toxicity indexes reported in the literature for freshwater organisms. Based on these results, we suggest that the relatively simple, rapid, and low-cost test systems examined here may be of interest as alternative or complementary tests for toxicological assessment of herbicides.
INTRODUCTION
The widespread application of herbicides has resulted in considerable environmental pollution and serious concern has been raised over the release of these xenobiotic compounds and the presence of their degradation metabolites in the environment. Risk assessment of pesticides is complex. Indeed, the pesticide potential toxicity for organisms of different taxonomic levels, the mode and level of exposure of the organisms to the toxic compounds, the distribution, metabolism and excretion of the compounds in and by the exposed organisms, and the pesticide fate and behavior in the various environmental compartments, all have to be considered [1] . Toxicological assessment of pesticides, including herbicides, essentially has been based on bioassays using mammals (e.g., rats, mice, guinea pigs), for either acute or long-term toxic effects, while the ecotoxicological impact of these xenobiotics mainly has been tested on birds, insects, aquatic organisms (e.g., rainbow trout and Daphnia) and soil microorganisms [1,2 and Pesticide Information Profiles available at http://ace.orst.edu/ info/extoxnet/ghindex.html]. Although these toxicity tests have been used for years and have wide acceptance for pesticide regulation, there is an international demand for the development and validation of simpler and more rapid screening methods and for minimizing animal utilization. For example, the European Center for the Validation of Alternative Methods (ECVAM) established as a major priority the validation of alternative procedures where experiments using animals are replaced by other biological systems or animal pain is reduced, whenever possible, following the European Union Directive 86/609/EEC. So far, 121 in vitro protocols mostly based on the use of animal cell lines and three cytotoxicity assays based on the use of eukaryotic microbes as test systems have been registered by ECVAM, some of them are currently in use or under validation for alternative toxicity testing [http://ecvamsis.jrc.it/invittox/static/index.html]. Short-term toxicity assays based on the determination of the deleterious effects of xenobiotics on the biological function of bacteria, fungi, algae, and protozoa or on the activity of enzymes, are also being developed and used increasingly [3, 4] . These assays are simple, rapid, and cost-effective, require small sample volumes, and can be miniaturized [3, 4] . Among them are the growth inhibitory assays based on the measurement of changes in microbial cell concentration, through culture turbidity, to estimate the impact of toxic compounds on microbial growth kinetics and energetics.
In the present work, the yeast Saccharomyces cerevisiae was used in one of the test systems examined to compare the toxicity of different classes of herbicides and of 2,4-dichlorophenol (2,4-DCP), an intermediate product of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) degradation [5, 6] . Saccharomyces cerevisiae is a nonpathogenic experimental eukaryotic model system, very easy to cultivate and with the genome fully sequenced. It is therefore highly useful in the study of basic biological mechanisms common to fungi, plants, animals, and humans, with a number of advantages as an experimental system. Yeast has already been used successfully for assessing the toxicity of xenobiotic compounds, but never to examine the set of herbicides tested in the present work ( [7] [8] [9] [10] ; http:// ecvam-sis.jrc.it/invittox/static/index.html). One of the lab-oratories involved in the present study has recently compared the toxic effects of two chlorinated phenoxyacetic acid herbicides, 2-methyl-4-chlorophenoxyacetic acid (MCPA) and 2,4-D, and of 2,4-DCP, in S. cerevisiae growth and viability [11] . Laboratory growth experiments were planned keeping in mind the natural conditions usually present or that may vary in natural ecosystems and that may affect the toxicity of these compounds. Therefore, based on a quite simple, rapid, reproducible, and low-price methodology, the effect of assay medium pH and of the physiological state of the cells, on the level of herbicide (and 2,4-DCP) toxicity, was established [11] . This methodology is extended here to other classes of herbicides under standardized conditions. Yeast also has been used as an experimental eukaryotic model system to characterize determinants and mechanisms of adaptation and resistance to the herbicides, thus contributing to the understanding of the molecular basis for the emergence of resistant weeds [12, 13] .
The second methodology used in the present work to assess herbicide (or 2,4-DCP) toxicity is based on the isolated sciatic nerve of the frog, in this case Rana ridibunda, partly immersed in saline, with a pair of stimulating electrodes attached at one end and a pair of recording electrodes at the other. By using an improved version of the preparation, the three-chambered recording bath [14] , it is possible to monitor the evoked compound action potentials (CAPs) from the isolated nerve, constant in amplitude (volts), for more than 48 h. This renders quantitative measurements of the amplitude of the CAPs easier and the assessment of the action of chemical compounds on the vitality of the axons in the nerve more reliable. For a nerve incubated with an herbicide, the amplitude of the CAP is an indication of the vitality of its axons. This test system has already been used successfully by the other laboratory involved in the present study to assess the relative potency of six pyrethroid insecticides [15] , the action of local anesthetics [16] , the toxicity of plasma ultrafiltrate [17] , and the toxicity of the herbicide 2,4-D [18] and to investigate axonal transport of herpes simplex virus-1 in the isolated sciatic nerve of the frog [19] . The sciatic nerve preparation is of particular interest because it is a relatively simple, rapid, reproducible, and lowcost methodology for the assessment of the action of toxic compounds on the peripheral nervous system [15, 17, 18] . It is interesting that from the 124 protocols registered on the ECVAM web page, only one is concerned with system (nervous) toxicity (Protocol 11).
In the present study, we compared results of the toxicological assessment of a group of herbicides belonging to three different chemical classes (triazines, acetamides, and phenoxyacetic acids) and of 2,4-DCP by using the test systems referred above. A good correlation was found between the toxicity of the different compounds, determined by using the two different test systems under analysis. The order of toxicity established here correlates with the lipophilicity of the compounds tested and with the toxicity indices reported in the literature for freshwater organisms. Thus, we suggest that these test systems may be of interest, as alternative or complementary screening tests, for the toxicological assessment of herbicides and, possibly, other xenobiotic compounds. In particular, the yeast test system may contribute to reduce the use of animals in the toxicological testing of pesticides, while the test system based on the frog nerve preparation may provide specific indications concerning the action of the compounds on the peripheral nervous system.
MATERIALS AND METHODS

Chemicals
The herbicides tested and 2,4-DCP were purchased from Fluka (Fluka Industriestrasse 25, CH-9471 Buchs SG, Switzerland) or Riedel-de-Haën (Sigma-Aldrich, RDH Laborchemikalien, KG D-30918 Seelze, Germany). The limit of solubility in water for these compounds is the following: 0.12 mM for atrazine, 0.89 mM for alachlor, 1.86 mM for metolachlor, 4.07 mM for 2,4-D, 4.11 mM for MCPA, 4.89 mM for metribuzin, and 27.6 mM for 2,4-DCP, at 20-25ЊC ( [2, 20] ; http:// ace.orst.edu/info/extoxnet/ghindex.html). Therefore, stock solutions of most of the herbicides examined were prepared in dimethylsulfoxide (DMSO) (for 2,4-D, MCPA, atrazine) or acetone (for alachlor, metribuzin, atrazine) and added to the test media to obtain the desired concentrations of herbicide supplementation, while metolachlor and 2,4-DCP were dissolved directly in the test media.
Toxicity assessment using the sciatic nerve of the frog Isolated nerve preparation. Frogs (Rana ridibunda) of either sex were used. The animals were stunned, decapitated, and pithed. The sciatic nerves were dissected from each leg and placed in oxygenated physiological solution or saline (bubbled with 100% O 2 ) at the following concentrations (in mM): 111 NaCl, 2.41 KCl, 10 N-2-hydroxethylpiperazine-N-2-ethane-sulfonic acid, 2 CaCl 2 and 10 glucose (pH ϭ 6.6-7). The nerves were mounted across a three-chambered bath made of plexiglas. The recording system has been described elsewhere [14, 15, 18] , consisting of the recording, the perfusion, and the stimulating chamber, which are one next to the other, separated by two partitions of 4 mm width and half filled with saline. The part of the nerve on top of each partition was covered with special silicone, so that the electrical resistance between the chambers was constant, a necessary condition to record constant in amplitude compound action potentials [21] for a long period of time. A cooling (or heating) system was developed under the chambers to regulate the temperature of the saline and the nerve, at 21 Ϯ 0.5ЊC.
Toxicity assessment. As an indication of the vitality (proper physiological functioning) of the axons of the nerves placed in the three-chamber recording bath, the compound action potential ([CAP] see Fig. 1A ) was evoked by the stimulating electrodes placed in the proximal end of the nerve and was recorded by the recording electrodes in the recording chamber where the distal part of the nerve was immersed. The evoked CAP is graded in amplitude reflecting the addition of the external currents generated by each activated nerve axon; the more fibers that are activated simultaneously, by stimulating the proximal part of the nerve, the greater the amplitude of the CAP that can be recorded from the distal end of the nerve. In this case, the nerve was stimulated with supramaximal stimuli in order to activate all the axons and to obtain the maximum value of the CAP. The stimulation of the nerve and the recording of the CAP were achieved through a data-acquisition card interface (Keithley KPCI-3102, Keithley Instruments, Cleveland, OH, USA) and a program designed using the facilities of the LabView (Labview 5.1, Professional, National Instruments, Keithley Instruments). Control signals for stimulation, sampling of waveform, storage, and computation of the data were performed every second automatically by preprogrammed procedures. Samples of evoked CAP were digitized and stored in a computer every 10 or 15 min throughout the experiment. The value of the CAP was calculated automatically by the program and was expressed as the energy (E) of the digitized signal, in units of square volts by sec (V 2 /s). The parameter E contains information about the amplitude and the duration (see t1 and t2, in Fig. 1A ) of the digitized CAP.
To evaluate the action of a specific concentration of each compound under study, four sciatic nerves, from frogs of approximately the same weight, were placed in different threechamber recording systems. One nerve was kept as control, which means that the part of the nerve was incubated in normal saline or in saline where a specific amount of the solvent carrier (DMSO or acetone) was diluted, throughout the experiment. The other three nerves were incubated for 24 h in saline where the herbicide under investigation (or 2,4-DCP) was diluted at the desired concentration. This saline was then replaced with normal saline. The range of total concentrations of the compounds tested were the following: 0.1-1.0 mM of alachlor, 0.15-1.0 mM of metolachlor, 1-5 mM of metribuzin, up to 0.15 mM of atrazine, 0.1-2.0 mM of 2,4-DCP, and 2-4.1 mM of 2,4-D or MCPA. The final concentration of the carrier solvents (DMSO or acetone, depending on the particular herbicide under study) in the saline was equal to 0.8% (v/v), which was proven to have no detectable effect on the vitality of the isolated nerve. The indicated concentrations of herbicide (or 2,4-DCP) supplementation were fully solubilized in the physiological solution. For all the nerves, records of the CAP were obtained every 15 min for over 55 h. Figure 1A shows example records of the evoked CAP of the sciatic nerves incubated in normal saline where 0.8% (v/v) of DMSO was diluted (CAP 1) or in the presence of a particular inhibitory concentration of a compound under investigation (CAP 2,3,4). Diagrams of the percentage value of the energy of the digitized CAP versus time were plotted for the control experiments and for the experiments in which the nerves were exposed to the tested compounds. The outcome of many trials (n ϭ 6) using the same concentration of each compound under study were averaged and plotted as a single curve, the data being expressed as a mean value Ϯ standard error of the mean. The level of toxicity of each compound was estimated based on the difference in vitality between the nerves exposed to saline where the compound to be tested was diluted or to unsupplemented saline. This toxic effect was related to the time required for the reduction in amplitude of the CAP to 50% of its control value (measured before nerve exposure to the toxic compound) by a particular concentration of the toxicant. This inhibitory time was called IT50. The effects of the different herbicides (or of 2,4-DCP) on the sciatic nerve vitality were evaluated based on the values of inhibitory time 50 (IT50) estimated for each concentration of the tested compound. Subsequently, data were examined for statistical significant differences between the mean IT50 values estimated for the nerve exposed to a particular concentration of an herbicide (or 2,4-DCP) and the mean control value of IT50 obtained for the nerve incubated in the physiological saline or in saline plus 0.8% DMSO or acetone, by one-way analysis of variance. Variation among IT50 mean values is significantly greater than expected by chance, when p Ͻ 0.05, an indication that the factor under investigation significantly affects the vitality of the nerve. Subsequent post-test (Dunnett's multiple comparisons test) revealed the specific concentration of the compound tested, leading to a value of IT50 that does not differ significantly (p Ͼ 0.05) from the mean control value of IT50. This concentration corresponds to the no-observed-effect-concentration (NOEC), defined here as the highest concentration of herbicide (or 2,4-DCP) that has no detectable effect on the vitality of the nerve.
Toxicity assessment using Saccharomyces cerevisiae cells
Strain and growth media. Saccharomyces cerevisiae W303.1b (MAT␣, ura3-1, leu 2-3, his3-11, trp1-1, adel-2, can1-100) was used. Cells were batch-cultured at 30ЊC, with orbital agitation (250 rpm) in a minimal growth medium that contained (per liter): 1.7 g yeast nitrogen base without aminoacids or NH 4 ϩ (Difco, Detroit, MI, USA), 20 g glucose (Merck, Darmstadt, Germany), 2.65 g (NH 4 ) 2 SO 4 (Merck), 80 mg adenine (Sigma, St. Louis, MO, USA), 10 mg histidine (Merck), 10 mg leucine (Sigma), 20 mg tryptophan (Merck, Germany) and 20 mg uracil (Sigma). Suitable concentrations of the herbicides examined and of 2,4-DCP were added to this base medium and the media pH was adjusted to 6.5 with NaOH 2M.
Toxicity assessment. Herbicide (and 2,4-DCP) toxicity was assessed based on a microtiter plate susceptibility test. In each well, a dense yeast cell suspension (20 l) was added to 120 l of the minimal growth medium at pH 6.5, supplemented with the desired concentrations of the compounds to be tested, in order to obtain an initial culture optical density at 600 nm (OD 600 ) equal to 0.050 Ϯ 0.002. The range of total concentrations of the compounds tested were: 0.05 to 3.25 mM for metribuzin, 0.025 to 0.15 mM for atrazine, 0.015 to 0.80 mM for alachlor, 0.05 to 0.50 mM for metolachlor, 0.5 to 9.0 mM for MCPA, 1.0 to 8.0 mM for 2,4-D, and 0.025 to 1.0 mM for 2,4-DCP. The final concentrations of the carrier solvents, DMSO or acetone, depending on the particular herbicide tested, in the different growth media (including in the nonsupplemented medium used as control) were equal to 1.2 and 2.0%(v/v), respectively, which were proven to have no detectable effect on yeast growth. The indicated concentrations of herbicide (or 2,4-DCP) supplementation were fully solubilized in the aqueous growth media. The cell suspension used as inoculum was prepared with midexponential phase cells grown in the minimal growth medium without any toxic compound, until the standardized culture OD 600 
RESULTS
Effects of the herbicides (and 2,4-DCP) on the sciatic nerve of the frog
The three-chamber bath used in the present work allowed the recording of CAPs from the isolated sciatic nerve of the frog kept in the absence of toxic compounds that are constant in amplitude, an indication that its motor and sensory axons are functioning properly. In all sciatic nerves used (total number of 70), the amplified maximum CAP recorded from each individual nerve was between 2 to 4 V (amplification ϫ50). The amplitude of the CAP also remained stable for a relatively long period of time, indicating that the vitality of the axons in the nerve is not significantly affected by the recording conditions during the first two days. Indeed, the amplitude of the CAP of the sciatic nerve immersed in normal saline where 0.8%(v/v) DMSO was diluted essentially remained constant after 1 h and 30 h of incubation and decreased moderately after 40 h of incubation (Fig. 1A , records of CAP 1 at 1 h, 30 h, and 40 h). Under these conditions, the amplitude of the CAP decreased to 50% of the initial value after 49.5 Ϯ 2.2 h (n ϭ 12) (Fig. 1B, curve a) . The IT50 for the nerve incubated in the presence of 0.8% (v/v) of the carrier solvents, DMSO or acetone, was identical to the IT50 estimated for the nerve immersed in normal saline (data not shown). This is a clear indication that the concentrations of the carriers (DMSO and acetone) used in this study had no effect on the vitality of the isolated nerve.
The comparison of the vitality of the nerves exposed to saline supplemented with the herbicides (or 2,4-DCP) in relation to that of the nerve exposed to unsupplemented saline, during 24 h, was used to determine the deleterious biological action of the examined compounds. For example, with respect to metolachlor, the CAP of the nerves exposed to 0.25 mM of this herbicide decreased gradually, being almost completely eliminated within 40 h (Fig. 1A, records of CAP 2,3,4 at 1  h[a], 30 h[b] , and 40 h [c]), which indicates that the axons are no longer functioning, while the nerve incubated in the herbicide-free saline was only moderately affected during the same period of time (Fig. 1A, records of CAP 1 at 1 h, 30 h,  and 40 h ). This also is demonstrated in more detail in Figure  1B (curves a and b, respectively) . For 0.25 mM of metolachlor, the estimated IT50 was close to 25 h (Fig. 1B, curve b) , while the IT50 estimated for the sciatic nerve incubated in saline without herbicide was two-fold higher (Fig. 1B, curve a) . A higher concentration of this herbicide, 0.9 mM, led to a very fast decrease of the amplitude of the CAP of the nerve. Indeed, the value of the CAP reached 0% of the initial value, 5 h following the application of the compound, with an estimated IT50 of 2.5 h (Fig. 1B, curve c) . The effect of an intermediate concentration of 0.75 mM of metolachlor was close to that of 0.9 mM (data not shown). In addition, 0.45 mM caused a milder effect on the vitality of the sciatic nerve (Fig. 1B, curve  d) . Indeed, there was a decrease of the CAP to about 50% of the control value within 6 h (IT50 ϭ 6 h), but the CAP reached a steady amplitude during the remaining 25 h of the experiment (Fig. 1B, curve d) . The statistical differences between the IT50 values estimated for the nerve incubated in the presence of these concentrations of metolachlor and for the nerve incubated in herbicide-free saline, were significant (p Ͻ 0.01, as judged by one-way analysis of variance and Dunnett's post test). These values of IT50, estimated for increasing concentrations of metolachlor, were used to plot the corresponding concentration-response curve, shown in Figure 2A . This curve was used to estimate the NOEC value of metolachlor, which was 0.15 mM (Table 1 , Fig. 2A ). Indeed, there was no significant statistical difference (p Ͼ 0.05, n ϭ 6) between the IT50 of the nerve incubated in the presence of this concentration of metolachlor or in the absence of this herbicide.
The same procedure was used to estimate the NOEC values for all the toxic compounds examined (Fig. 2A) . These values are listed in Table 1 and indicate the following order of toxicity: 2,4-DCP Ͼ alachlor, metolachlor k metribuzin Ͼ 2,4-D, MCPA. In contrast with the other compounds tested, atrazine had no detectable effects on nerve vitality when this herbicide was added to the physiological solution at concentrations up to its limit of solubility (results not shown).
Effects of the herbicides (and 2,4-DCP) on yeast growth
The deleterious effects of the different herbicides tested and of 2,4-DCP on yeast growth were rapidly assessed based on a microtiter susceptibility test. The reduction (in %) of yeast culture optical density (OD 600 ) attained after 24 h of incubation in the presence, compared with the absence, of increasing concentrations of the different inhibitory compounds tested, was determined (Fig. 2B) . The final concentrations in the growth media of the solvents used as carriers for some of the herbicides examined, 1.2%(v/v) of DMSO or 2%(v/v) of acetone, were found to have no detectable effect on yeast growth (re- sults not shown). As shown by Cabral et al. [11] , the observed concentration-dependent decrease of the cell density attained after 24 h of growth of the yeast cell population (Fig. 2B ) may result from the following herbicide (or 2,4-DCP)-induced effects: increase in duration of latency preceding eventual cell division in the presence of the inhibitory compound, inhibition of growth kinetics, and decrease of biomass yield associated with culture cell density attained at the stationary phase of growth. The results obtained, schematically presented in Figure 2B , allowed the estimation of the NOEC value for each compound for this specific test system (Fig. 2B, Table 1 ). As for the nerve tissue test system, concentrations of atrazine up to its limit of solubility had no detectable effect on S. cerevisiae growth (results not shown). Susceptibility tests, based on the effect of the tested compounds on the growth curve of the yeast population, were carried out at 30ЊC. This temperature is higher than the temperature used for the nerve tissue assay (21ЊC). However, because 21ЊC is a temperature well below the optimal temperature for S. cerevisiae growth, its use in the growth experiments would lead to more extended toxicity tests. Moreover, because no significant differences were observed in the NOEC values estimated using both systems at the two different temperatures (results not shown), the assay temperatures were maintained. Under the experimental conditions used, the relative toxicity determined, based on the estimated NOEC values, is the following: 2,4-DCP Ͼ alachlor, metolachlor k metribuzin Ͼ 2,4-D, MCPA (Table 1 ). This order of toxicity correlates with the order established for the nerve tissue test system.
Correlation of toxicity with lipophilicity
The NOEC values calculated using the two biological test systems described above, correlate with the logarithm of the Environ. Toxicol. Chem. 23, 2004 C. Papaefthimiou et al. octanol/water partition coefficient (logP) of the inhibitory compounds tested, obtained from the literature (Fig. 3 , Table  1 ). The logP value is widely used as a measure of the lipophilicity of a chemical [22] . To establish the correlations shown in Figure 3 , the value of logP used for MCPA is a published value, which was estimated at pH 5 (Table 1) , being therefore close to the logP effective within the range of pH used in the tests carried out in the present study (pH 6.5-7). However, this value is significantly below the corresponding logP measured at pH 1 (Table 1) , which is a pH at which this weak acid is mainly in the liposoluble undissociated form. For the other acid herbicide tested in this work, 2,4-D, the logP available in the literature was determined at pH 1 only (Table 1) ; for this reason, 2,4-D was not included in Figure 3 .
DISCUSSION
Toxicity assessment of a number of herbicides of different chemical classes and of a degradation product, hereby described, revealed that the quantification of their deleterious effects on an animal nervous (peripheral) system or on yeast cells constitute interesting approaches for toxicity assessment. Despite the very different biological systems and methodologies used, the relative toxicity of the different compounds examined is apparently identical for these two systems: 2,4-DCP (with a NOEC equal to 0.1 mM, equivalent to 16.3 mg/ L) is the most toxic compound, followed by alachlor (NOEC ϭ 0.10-0.15 mM; 27.0-40.5 mg/L) and metolachlor (NOEC ϭ 0.15 mM; 42.5 mg/L), k metribuzin (NOEC ϭ 1.2-2.0 mM; 258-430 mg/L) Ͼ MCPA (NOEC ϭ 2.5mM; 560 mg/ L), and 2,4-D (NOEC ϭ 2.5 mM; 610 mg/L). Both test systems are relatively easy, rapid, and cost-effective. Additionally, NOEC values are easily estimated, thus providing quantitative results for toxicological screening of herbicides or other xenobiotic compounds. Although results from these test systems only give an indication of the actual toxicological potential of the tested compounds, they may assist toxicologists by giving indications on the range of concentrations of a specific compound to be used in an initial trial, thus contributing to reduce the overall number of animals used in preliminary in vivo toxicity tests. In particular, the yeast test system emerged as a reliable screening method for comparative toxicity assessment, effectively contributing to reduce the use of animals. Other advantages of the yeast test system include the following: The maintenance and cultivation of S. cerevisiae cells is very easy; the application of microtiter plate susceptibility assays enables the rapid and reproducible assessment of many chemicals on a routine basis; and small amounts of growth medium (l) and of the compound under testing (g) can be used, thus contributing to reduced costs, including those associated with treatment and disposal of laboratory toxic wastes. On the other hand, although the toxicity test based on the isolated sciatic nerve can be used as an in vitro cytotoxicity and neurotoxicity test, by estimating the death of the nerve axons in the presence of a compound with a nonspecific action, it is of particular interest to assess the action of toxic compounds specifically affecting voltage-sensitive sodium channels located on the membrane of the axons of the peripheral nervous system. These voltage-sensitive sodium channels are the main targets of many compounds such as local anesthetics and pyrethroid insecticides. Consistently, the relative potencies of four type II pyrethroid insecticides previously established using the isolated sciatic nerve are in good agreement with their acute toxicities in the rat, estimated based on oral-LD50 values [15] . However, the test systems examined in the present study are not suitable for the testing of poorly soluble herbicides, like atrazine, that had no detectable effect on yeast cells or in nerve tissue, within the range of concentrations that could be solubilized in the aqueous test media. Because the increase of the concentrations of hydrophobic solvents (e.g., DMSO or acetone) required for solubilization of higher atrazine concentrations cause significant inhibitory effects on both nerve axons and yeast cells, the NOEC value for atrazine could not be estimated. Additionally, the test systems under consideration are likely to underestimate the potential toxicity of chemical compounds toward higher organisms where metabolic activation to a toxic intermediate or product takes place and is required for the expression of their actual toxicity.
A good correlation was found between the relative level of toxicity established here and the toxicity indices, lethal concentration 50% (LC50) or effective concentration 50% (EC50), reported in the literature and databases for the same compounds, based on in vivo tests using freshwater organisms, such as fishes and Daphnia magna (Table 1) . However, it is worth noticing that the toxicity parameters under comparison, NOEC, LC50, and EC50 (Table 1) , refer to different biological targets and experimental conditions, the absolute values not being comparable [1, 11] . In addition, the values of the toxicity indices reported in the literature, for the same compound and test organism, also vary considerably. This is clear from the data assembled in Table 1 and is frequently attributed to the lack of standardization of the experimental conditions used in the in vivo toxicity assays [1, 23] . Nevertheless, based on values in Table 1 , it appears that the test systems used in the present study are consistently more resistant to the compounds examined than the indicator freshwater organisms (Table 1) ; indeed, the NOEC values estimated using the methods herein described are consistently above the LC50 and EC50 values for the effects of the same compounds in fishes and Daphnia, respectively (Table 1) . Because assessment of the chemicals' toxicity using these organisms may integrate the contributions of their effects at subcellular, cellular, tissue, and organ levels, this may explain the observed differences.
Despite the variation in the rat acute oral-lethal dose 50% values reported in the literature for the toxic compounds examined (Table 1) , it was also possible to correlate generally the relative level of acute oral toxicity in the rat and the order of toxicity established based on the test systems proposed here (Table 1) . However, the different modes of administration of the chemicals to the test organisms, the different methodologies used, and the different endpoints compared, all may contribute to the discrepancies detected. Specifically, alachlor and metolachlor were found to be much more toxic than metribuzin using the fishes, Daphnia, and the two test systems proposed here, although metribuzin toxicity was found similar to metolachlor toxicity using the rat LD50 oral test (Table 1) . However, the main discrepancy detected is related with the acute toxicity of 2,4-D and MCPA in the rat (oral), which was close to 2,4-DCP toxicity, while the toxicity of these herbicides was significantly below 2,4-DCP toxicity using both the nerve and the yeast test systems (Table 1) . This may be due to the fact that these two particular herbicides are weak acids with pK a values equal to 2.73 and 3.07, respectively [2] (pK a ϭ Ϫ logK a , being K a the dissociation constant of the weak acid); hence, the concentration of the liposoluble undissociated toxic form may become very high in the acid environment of the digestive tract of mammals [11, 24] . On the other hand, the medium pH used for the test systems described in the present work, as well as for freshwater organisms, is close to neutrality, and, at this pH value, the proportion of herbicide in the toxic acid form is very low. Significantly, the toxicity of these two herbicides was strongly dependent on the external medium pH (ranging from pH 2.5 to 6.5) and, at pH values close to 2,4-DЈ or MCPAЈ pK a s, it was similar to the toxicity of 2,4-DCP; however, pH 6.5, it was significantly below that of 2,4-DCP when the same yeast test system was used [11] . In contrast to rats, the uptake of toxic hydrophobic compounds from the external environment in fishes takes place primarily via direct diffusion across the gills membrane, as toxicity is not particularly influenced by the pH in the alimentary tract [25] .
The correlation established here between the level of toxicity and liposolubility of the compounds tested under standardized conditions, using both test systems, strongly suggest that the lipid bilayers of biomembranes are the putative main targets in both nerve tissues and yeast cells, as suggested by other authors based on correlations between lipophilicity and toxicity of various chemical compounds [10, 11, 26] . The highly lipophilic chemicals used in this study may accumulate in high concentrations in biomembranes, leading to the perturbation of its function as a selective barrier and to the inhibition of the biological function of membrane-bound proteins [27, 28] . In particular, 2,4-D induces human erythrocyte crenation, due to the insertion of the herbicide into the outer monolayer of the lipid moiety of the red cell membrane [29] . Such a nonspecific mechanism of action on biomembrane lipid organization by the liposoluble compounds herein tested, may have contributed to the very similar NOEC values determined in the two test systems used in the present work. It is worth noticing that the axons in the sciatic nerve are coated with many layers of myelin, myelin being a stack of specialized plasma membrane sheets [30] .
In spite of the suitability of the two test systems proposed in this work for the toxicological assessment of herbicides and, possibly, other xenobiotic compounds, validation requires further research and the testing of a much broader set of chemicals. In particular, further development of the method based on the yeast test system can be considered as part of the general attempt being made by the scientific community to reduce, refine, and replace (3R) animals in the toxicological testing of pesticides.
